Abstract β-alanine supplementation increases muscle carnosine content and improves anaerobic exercise performance by enhancing intracellular buffering capacity. β-alanine ingestion in its traditional rapid-release formulation (RR) is associated with the symptoms of paresthesia. A sustained-release formulation (SR) of β-alanine has been shown to circumvent paresthesia and extend the period of supply to muscle for carnosine synthesis. The purpose of this investigation was to compare 28 days of SR and RR formulations of β-alanine (6 g day −1 ) on changes in carnosine content of the vastus lateralis and muscle fatigue. Thirty-nine recreationally active men and women were assigned to one of the three groups: SR, RR, or placebo (PLA). Participants supplementing with SR and RR formulations increased muscle carnosine content by 50.1% (3.87 mmol kg −1 ww) and 37.9% (2.62 mmol kg −1 ww), respectively. The change in muscle carnosine content in participants consuming SR was significantly different (p = 0.010) from those consuming PLA, but no significant difference was noted between RR and PLA (p = 0.077). Although participants ingesting SR experienced a 16.4% greater increase in muscle carnosine than RR, fatigue during maximal voluntary isometric contractions was significantly attenuated in both SR and RR compared to PLA (p = 0.002 and 0.024, respectively). Symptoms of paresthesia were significantly more frequent in RR compared to SR, the latter of which did not differ from PLA. Results of this study demonstrated that only participants consuming the SR formulation experienced a significant increase in muscle carnosine. Differences in the muscle carnosine response between these formulations may have practical significance for athletic populations in which small changes may have important implications on performance.
Introduction
Carnosine (β-alanyl-l-histidine) is an intramuscular dipeptide consisting of β-alanine and l-histidine (Dunnett and Harris 1999) . Of these, β-alanine appears to be rate limiting to carnosine formation (Harris et al. 2006) . Although histidine is an essential amino acid in humans, it is found in sufficient supply in the body, whereas β-alanine is not (Dunnett and Harris 1999; Harris et al. 2006) . Endogenous β-alanine production occurs principally through hepatic degradation of uracil and results in only small amounts of carnosine synthesis in muscle (Baguet et al. 2010) . β-alanine is also present in meat and fish products; however, relying on β-alanine intake from one's diet may not be sufficient or efficient, as 200 g of chicken would need to be consumed to increase Handling Editor: W. Derave.
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the plasma bioavailability of β-alanine concentration to the same extent as an 800 mg supplement (Harris et al. 2006) . Therefore, exogenous supplementation with β-alanine seems to be the most effective at increasing muscle carnosine concentrations (Harris et al. 2006; Dunnett and Harris 1999) .
β-alanine has been widely explored as a nutritional supplement for improving exercise performance in various populations. Research examining the ergogenic effects of β-alanine supplementation has been completed in athletes (Baguet et al. 2010; de Salles Painelli et al. 2013; Hoffman et al. 2008; Derave et al. 2007) , recreationally active individuals (Hill et al. 2007; Smith-Ryan et al. 2012; Stout et al. 2007 ), older adults (McCormack et al. 2013; Stout et al. 2008 ) and in military personnel (Hoffman et al. 2014; 2015a) , showing that β-alanine supplementation is most effective at improving high-intensity exercise performance lasting between 0.5 and 10 min in duration (Saunders et al. 2017) . The increase in anaerobic performance with β-alanine supplementation is a direct result of the increase in intramuscular carnosine concentrations rather than β-alanine itself (Hoffman et al. 2015b) . Carnosine acts as a buffer of H + , decreasing exercise-induced acidosis and, therefore, prolonging high-intensity exercise duration (Abe 2000) . Additionally, recent investigations by Hannah et al. (2015) and Jones et al. (2017) have suggested that β-alanine supplementation and subsequent increases in muscle carnosine content can result in a reduction in muscle relaxation time, which may be especially beneficial for repeated bouts of exercise. This can potentially augment force production and provide a further mechanism for the improvements in exercise performance with β-alanine supplementation.
Investigations examining β-alanine supplementation have generally used daily dosing regimens ranging between 1.6 and 6.4 g day −1 (Hoffman et al. 2018) . Higher doses of the rapid release formulation have not been examined due to the greater risk of symptoms of paresthesia (Hoffman et al. 2018) , which include flushing, irritation, and pricking of the skin. At times, this has resulted in an ingestion pattern requiring small doses to be consumed multiple times per day (Hill et al. 2007) . Recently, a sustained-release formulation of β-alanine has become available. The advantage of a sustained-release formulation is that it can reduce symptoms of paresthesia and potentially allow for a greater daily dose to be consumed. Decombaz and et al. (2012) compared 1.6 g of rapid-release and sustained release formulations of β-alanine and reported no difference in the area under the curve for plasma β-alanine concentrations for 6 h following ingestion. In addition, the sustained-release β-alanine formulation resulted in a delay in the peak concentration of β-alanine in plasma and a longer retention time compared to the rapid-release formulation.
It has been suggested that circulating β-alanine may bind to Mas-related G-protein (Mrg) coupled receptors within the body, which have a high affinity for itch-inducing ligands (Bader et al. 2014) . β-alanine is thought to bind specifically, to MrgD, a receptor that is primarily expressed in the sensory dorsal root ganglion neurons that is found under the skin (Crozier et al. 2007) . The MrgD receptor is extensively involved in pruriception and may be responsible for the itchy sensation that is associated with β-alanine supplementation (Bader et al. 2014; Crozier et al. 2007 ). Symptoms of paresthesia may indicate that some of the ingested β-alanine is bound to MrgD receptors; however whether this affects β-alanine availability to the muscle is unknown. In comparison to a sustained-release formulation of β-alanine which extends the β-alanine concentrations in the plasma for longer duration, a rapid-release formulation is likely to have a higher proportion of its content excreted via the urine (Decombaz et al. 2012) , or have another unknown metabolic fate (Stegen et al. 2013) . The sustained-release formulation may, therefore, provide greater β-alanine availability to the muscle and result in a greater percentage from each single dose of supplemented β-alanine to be retained in muscle as carnosine. However, β-alanine retention may not be a good indication of carnosine formation. In a previous study, comparing the effects of sustained-release β-alanine supplementation in a tablet to rapid-release β-alanine supplementation in a powder filled gel capsule (3.2 g day −1 for 46 days) reported similar increases in carnosine content with both formulations (Stegen et al. 2013) . Despite similar increases in carnosine content, the effects of each formulation on exercise performance and muscle metabolites were not examined in this investigation. Furthermore, differences in supplement formulation (tablet vs. gel capsule) may also have affected absorption rates.
Recent research by Blancquaert et al. (2017) suggested that intramuscular histidine availability is limited. These researchers observed that 23 days of β-alanine supplementation (6.0 g day −1 ) resulted in a decline in muscle histidine (Blancquaert et al. 2017) . However, recent investigations by Church et al. (2017) and Varanoske et al. (2017a) reported contrasting results, as 4-weeks of β-alanine (6.0 g day −1 ) supplementation in recreationally active individuals resulted in no decrease in muscle histidine. A decrease in muscle histidine levels may compromise physiological function by reducing protein synthesis and lowering hematocrit and hemoglobin levels (Kriengsinyos et al. 2002 ). An interesting difference between these studies is that Church et al. (2017) and Varanoske et al. (2017a) utilized sustained-release formulations of β-alanine, whereas Blancquaert et al. (2017) used rapid-release β-alanine. It is possible that the different pharmacokinetic properties of sustained-release and rapidrelease β-alanine may affect concentrations of intramuscular histidine content in a different manner. Therefore, the purpose of this study was to compare 4-weeks of sustainedand rapid-release formulations of β-alanine supplementation (6 g day −1 ) on changes in muscle carnosine, β-alanine, and histidine in young adults. In addition, the effect of these different β-alanine formulations on changes in muscle performance was also examined.
Methods

Experimental design
Each participant reported to the Human Performance Laboratory at the University of Central Florida on two occasions separated by a period of four weeks (28 days). Informed consent was obtained from all individual participants included in the study. On the first day of testing, each participant was randomly assigned into one of three groups: rapid-release β-alanine (RR), sustained-release β-alanine (SR), or placebo (PLA). This was a double-blinded experimental design. Each participant was instructed to consume 6 g day −1 of their respective supplement for a total ingestion of 168 g. Prior to each testing session, participants were instructed to fast for a minimum of 2 h and avoid lower body physical activity for 48 h prior to testing. During each visit, body composition measures and a muscle biopsy were obtained from participants prior to completing a fatiguing knee extensor protocol.
Participants
Thirty-seven physically active men and women were recruited for this study. Participants were stratified into one of the three groups (SR, RR, or PLA) in a counterbalanced fashion based on the peak torque (PT) values obtained during unilateral maximal voluntary isometric contraction (MVIC) performed on the first testing day. Participants were instructed to maintain normal food and exercise habits throughout the duration of the study. This investigation was approved by the New England Institutional Review Board for human subjects, and all procedures were in accordance with the ethical standards of the 1964 Helsinki Declaration and its later amendments. Following an explanation of all procedures, risks, and benefits, each participant provided their written informed consent to participate in the study. All participants were required to be free of any physical limitations (as determined by medical history questionnaire and PAR-Q) and not to have consumed β-alanine for at least 9 weeks prior to enrollment in the study. Although being a vegetarian was not part of the exclusion criteria, none of the participants recruited reported to be a vegetarian. The demographics of each group can be seen in Table 1 .
Supplementation protocol
Participants in each group were provided with 2 g of either RR β-alanine, SR β-alanine or PLA three times per day (total β-alanine intake was 6 g day −1
). Participants were instructed to consume their supplements with regular meals (breakfast, lunch, dinner). Both RR and SR supplements were provided in tablet form (1 g) and were identical in appearance. Participants in the placebo group were provided with the same number of tablets that were also identical in appearance to the β-alanine tablets. Active and placebo tablets were provided by Natural Alternatives International (Carlsbad, CA, USA). Supplementation compliance was tracked by selfreported supplement logs and by inspection of the number of tablets remaining in each bottle upon return for follow-up testing. If participants fell below 90% compliance by either method, they were removed from the final analysis.
Anthropometric measurements
Anthropometric measurements were assessed for each participant during both visits to the laboratory. Upon arrival to the laboratory, participants were instructed to void their bladder in order to properly assess body composition. Height (± 0.1 cm) and body mass (± 0.1 kg) were determined using 
Muscle biopsies
The muscle biopsy procedures used in this investigation have been previously reported (Varanoske et al. 2017a, b; Church et al. 2017 ). Prior to testing, all participants were instructed to wear shorts on testing day to expose the upper portion of their thigh. Fine-needle muscle biopsies were obtained from the vastus lateralis (VL) muscle of the left leg at 50% of the straight-line distance between the lateral border of the patella and the greater trochanter of the femur . A B-mode, linear probe ultrasound (General Electric LOGIQe, Wauwatosa, WI, USA), coated with transmission gel (Aquasonic ® 100, Parker Laboratories, Inc., Fairfield, NJ, USA) was used to determine muscle thickness and subcutaneous adipose tissue thickness at the aforementioned location on the leg to provide guidance prior to biopsy procedures. The biopsy area was washed with antiseptic soap and cleaned with rubbing alcohol. A small area of the clean skin approximately 2 cm in diameter was then anesthetized with a 2.0 mL subcutaneous injection of Lidocaine. The biopsy site was further cleansed by swabbing the area with betadine. Once anesthetized, a spring loaded reusable microbiopsy instrument with a disposable 14-gauge needle (Argon Medical Devices Inc., Plano, TX, USA) was inserted into the skin at an approximate depth of 1-2 cm to extract the muscle sample. Approximately, 5-6 muscle samples were extracted from each participant on each occasion, with the goal of obtaining about 15-20 mg of total wet tissue weight. After removal, each muscle sample was transferred to a petri dish placed on ice to trim adipose tissue from the muscle specimens. The remaining muscle specimens were then immediately frozen in liquid nitrogen and stored at − 80 °C for later analysis.
Isometric testing and isokinetic muscle-fatiguing protocol
The isometric testing and the muscle-fatiguing protocol used in this investigation have been previously reported (Varanoske et al. 2017a, b; Church et al. 2017 ). Due to the participants not being specifically trained in resistance exercise, an isokinetic dynamometer was used to elicit muscle fatigue and evaluate muscle strength while preventing injury. Briefly, as participants were reporting to the lab on a 2-h minimum fast, 8 oz of a carbohydrate-containing beverage (60 calories, 16 g carbohydrates, 0 g fat, and 0 g protein) was provided to the participants following the muscle biopsy, 30-minutes prior to the isokinetic muscle-fatiguing protocol. Unilateral MVICs and an isokinetic muscle-fatiguing protocol were performed on an isokinetic dynamometer (System 4, Biodex Medical System, Inc., New York, NY, USA). To avoid any residual effects of the muscle biopsy, the right leg of each participant was tested. The lower portion of the leg was secured to the dynamometer arm just above the medial and lateral malleoli. Participants were seated in the dynamometer with a hip angle of 110° and strapped to the chair at the waist, shoulders, and across the left thigh. Chair and dynamometer settings were adjusted for each participant but kept consistent between visits to properly align the axis of rotation of the knee with the lateral condyle of the femur. Range of motion was assessed for each participant. All participants were able to achieve a range of motion of 90-170° without discomfort. The gravity effect of moment was measured at 120° of knee flexion (180° representing full extension) and subsequently corrected during testing (Beyer et al. 2016) .
The isokinetic muscle-fatiguing protocol consisted of 5 × 50 maximal voluntary isokinetic unilateral knee extensions at a constant angular velocity of 180° s −1 . Each contraction was initiated from a position of 90° knee flexion and was continued to the point of full knee extension. After each extension, the lower leg was passively returned to the start position at 90° s −1 (~ 1.5 s for a full cycle). Each bout of 50 contractions was separated by a 60-s recovery period. Participants were encouraged during the first three contractions to make sure that they were contracting maximally from the start of each bout.
Two MVICs were performed prior to the isokinetic muscle-fatiguing protocol, separated by a period of 3 min. Of the two MVICs performed prior to the isokinetic musclefatiguing protocol, the one that produced the greatest PT was saved and used for later analysis (MVIC1). Additionally, one MVIC was performed 10-s after the final set of the musclefatiguing protocol was completed (MVIC2). During these tests, the knee angle was fixed at 110°, and all MVICs were held for a total of 6 s. PT was recorded during each MVIC. Differences in PT between MVIC1 and MVIC2 (∆PT) were assessed at each time point to evaluate the effects of muscle fatigue.
Torque signals were sampled at 1 kHz with a Biopac data acquisition system (MP150 Biopac Systems, Inc., Santa Barbara, CA, USA), recorded on a personal computer, and processed offline with custom written software (MATLAB, The MathWorks, Inc., Natick, MA, USA). PT was identified as the greatest torque achieved on the torque-time curve.
Nutrient intake and dietary analysis
Participants were instructed to maintain their normal dietary intake habits throughout the investigation. Total energy, macronutrient, and histidine intakes were monitored using recorded food logs during the 72-h period prior to each visit. The FoodWorks Dietary Analysis Software, Version 13 (The Nutrition Company, Long Valley, NJ, USA) was used to analyze dietary recalls.
Side effects
Participants were required to record side effects that were associated with consuming the supplement on a daily calendar. Side effects were recorded subjectively, through explanation of the symptom and by noting the time during which the symptom occurred. Side effects were analyzed by quantifying the total amount of days during which paresthesia was encountered over the 28-day supplementation period for each subject.
Preparation of skeletal muscle tissue for high performance liquid chromatography (HPLC) analysis
Muscle biopsy samples were homogenized with three volumes of 0.01 N hydrochloric acid (Sigma-Aldrich, St. Louis, MO, USA) and subsequently centrifuged at 4 °C for 20 min at 10,000 rpm. Muscle homogenates were deproteinized with three volumes of acetonitrile (BDH VWR Analytical, Radnor, PA, USA), and left to stand at 4 °C for 20 min. Then, the sample was centrifuged at 4 °C for 10 min at 10,000 rpm. The supernatant was collected and subsequently analyzed.
Determination of skeletal muscle carnosine
The experimental methods were performed as described by Mora et al. (2007) . Calibration standards were prepared in the range of 0.1-5 mM by dilution of a stock 10 mM solution. Chromatography was performed on an Agilent Infinity 1260 HPLC (Agilent Technologies, Santa Clara, CA, USA) and separation was carried out using an Atlantis hydrophilic interaction chromatography (HILIC) silica column (4.6 × 150 mm, 3 μm) from Waters (Milford, MA, USA) at room temperature. Mobile phase consisted of solvent A, containing 0.65 mM ammonium acetate (Sigma-Aldrich, St. Louis, MO, USA), pH 5.5, in water/acetonitrile (25:75), and solvent B, containing 4.55 mM ammonium acetate, pH 5.5, in water/acetonitrile (70:30). Solvents were filtered through a 0.22 μm membrane filter and degassed prior to the analytical run. The separation conditions were a linear gradient from 0 to 100% of solvent B in 13 min at a flow rate of 1.4 mL min −1 . The column was equilibrated for 10 min under initial conditions before each injection. The separation was monitored using a diode array detector at a wavelength of 214 nm for carnosine and histidine. Peak areas were correlated to compound concentration by interpolation in the corresponding calibration curve. Duplication of retention times for a known standard was used to verify column equilibrium prior to analysis. Each sample was run in duplicate; the average intra-assay CV of carnosine was 1.62% and the inter-assay CV was 5.45%.
Determination of skeletal muscle histidine and β-alanine
Calibration standards were prepared in the range of 1-0.01 mM for histidine and β-alanine (Sigma-Aldrich, St. Louis, MO, USA). Norvaline (Nva; Ark Pharm, Arlington Heights, IL, USA) was used as an internal standard at a concentration of 0.1 mM; 5 µL of Nva was added to 20 µL of muscle homogenate prior to deproteinization. Afterwards, the supernatant was transferred to vials and automatic precolumn derivatization with ortho-phthalaldehyde (OPA; Agilent Technologies, Santa Clara, CA, USA) was performed at room temperature. Separation was carried out using a Poroshell 120 HPH-C18 column (3.0 × 100 mm, 4 μm, Agilent Technologies, Santa Clara, CA, USA) at 40 ± 0.8 °C. Mobile phase consisted of solvent A which contained 10 mM sodium phosphate dibasic (Sigma-Aldrich, St. Louis, MO, USA), 10 mM sodium tetraborate decahydrate (Alfa Aesar, Tewksbury, MA, USA), and 5 mM sodium azide (BDH VWR Analytical, Radnor, PA, USA), pH 8.2, in water, and solvent B which contained acetonitrile, methanol (BDH VWR Analytical, Radnor, PA, USA), and water (45:45:10, v:v:v) . Primary amino acids derivatized with OPA were detected at 338 nm. Each sample was run in duplicate; the average intra-assay CV for β-alanine was 1.60%, while the average intra-assay CV for histidine was 1.52%.
Statistical analysis
Prior to statistical procedures, all data were assessed for normality, homogeneity of variance, and sphericity. If the assumption of sphericity was violated, a Greenhouse-Geisser correction was applied. Analyses of covariance (ANCOVA) were used to analyze changes in the dependent variables (nutrient intake, muscle carnosine, muscle histidine, muscle β-alanine, and ∆PT) based on the recommendations of Huck and McLean (1975) and Vincent and Weir (2012) . PRE-and POST-values were used as the covariate and dependent variable, respectively. To analyze differences in supplement compliance, side effects, and participant characteristics between groups, a one-way ANOVA was performed. In the event of a significant F ratio for any of these analyses, LSD post hoc comparisons were performed. Outliers were identified when values exceeded 1.5 times the interquartile range (Barbato et al. 2011) . For all analyses, a criterion alpha level of α ≤ 0.05 was used to determine statistical significance and statistical software (SPSS 1 3 V.21.0, Chicago, IL, USA) was used. Effect sizes for post hoc comparisons were calculated using statistical software (G*Power V.3.1.9.2) and were interpreted according to the recommendations of Cohen (1969) . All data are reported as mean ± standard deviation.
Results
Participants
Recruitment of participants, screening, and progression through the study are presented in Fig. 1 . A total of 10 participants withdrew from the study prior to group assignment due to reasons unrelated to the investigation. One participant was removed from the final data analysis due to the lack of compliance to the supplementation protocol. Four participants were removed from the final data analysis because they were deemed to be outliers. Two additional participants from PLA were excluded from the final analysis due to inabilities to fulfill the time commitments of the study. Additionally, 3 subjects in RR were removed from the final analysis due to errors in data collection. Therefore, a total of 29 participants (SR n = 12, RR n = 9, PLA n = 8) were included in the final analysis. The demographics of participants included in the final analysis are reported in Table 1 . No significant differences in any of the participant characteristics (age, height, body mass, body fat percentage) were observed (p > 0.05).
Nutrient intake and dietary analysis
Dietary analysis revealed that at PRE, the adjusted average nutrient intake for participants during the 72 h prior to the testing session was: 5137.5 ± 1884.3 kcal, 519.3 ± 209.1 g of carbohydrate, 216.0 ± 112.1 g of fat, 286.7 ± 113.9 g of protein, and 2.01 ± 1.45 g of histidine. No significant differences between the groups were shown at POST between any of the nutrient intake variables ( 
Compliance and side effects
No significant difference in supplement compliance was noted between the groups. The only reported side effect associated with consuming the supplement was symptoms of "tingling" or "itching", feelings generally associated with paresthesia. A statistically significant difference was 
Skeletal muscle carnosine content
Changes in skeletal muscle carnosine are depicted in Fig. 2 . At PRE, the average-adjusted muscle carnosine content was 7.63 ± 2.62 mmol kg −1 ww. Significant differences (F = 3.911, p = 0.033, partial η 2 = 0.238) in muscle carnosine were shown between groups at POST. Muscle carnosine content in participants consuming SR (11.51 ± 3.58 mmol kg −1 ww) was significantly greater (p = 0.010, d = 1.26) compared to participants consuming PLA (6.96 ± 3.61 mmol kg −1 ww). No significant differences (p = 0.077, d = 0.90) were shown between participants consuming RR (10.22 ± 3.62 mmol kg −1 ww) and those consuming PLA; however, increases in muscle carnosine for SR appeared to have a larger effect. Additionally, no statistically significant difference (p = 0.429, d = 0.36) was noted for muscle carnosine values at POST between participants consuming the SR and RR formulations. The unadjusted change in muscle carnosine values from PRE to POST for participants consuming the SR formulation was 3.87 ± 4.12 mmol kg −1 ww and 2.62 ± 3.91 mmol kg −1 ww in participants consuming the RR formulation. These changes reflected a 50.1 and 37.9% increase in carnosine content, respectively, corresponding to a 16.4% difference in carnosine content between dosing strategies from PRE values.
Skeletal muscle histidine and β-alanine content
C h a n ge s i n s k e l e t a l m u s c l e h i s t i d i n e a n d β-alanine are depicted in Figs. 3 and 4 , respectively. At PRE, the average-adjusted muscle histidine content was 0.34 ± 0.17 mmol kg −1 ww. No significant differences (F = 0.082, p = 0.921, ww). Results are reported as mean ± SD. PRE before 28 days of supplementation, POST after 28 days of supplementation, SR sustainedrelease formulation of β-alanine, RR rapid-release formulation of β-alanine, PLA placebo partial η 2 = 0.007) between participants consuming the SR formulation (0.28 ± 0.12 mmol kg −1 ww), RR formulation (0.27 ± 0.12 mmol kg −1 ww) or PLA (0.29 ± 0.12 mmol kg −1 ww) were noted at POST. The average-adjusted muscle β-alanine content at PRE was 0.15 ± 0.31 mmol·kg −1 ww. No significant differences (F = 1.824, p = 0.184, partial η 2 = 0.137) were noted between participants consuming the SR formulation (0.42 ± 0.36 mmol kg −1 ww), the RR formulation (0.50 ± 0.37 mmol kg −1 ww) or PLA (0.14 ± 0.36 mmol kg −1 ww) at POST.
Maximal voluntary isometric contraction peak torque
Changes in ∆PT are depicted in Fig. 5 . At PRE, the average-adjusted ∆PT following the muscle-damaging protocol was − 91.39 ± 48.61 Nm. Comparison of groups at POST revealed significant differences (F = 6.145, p = 0.007, partial η 2 = 0.348) in ∆PT. Following the 28-day supplementation period, ∆PT was significantly less for both participants consuming the SR (− 64.74 ± 27.68 Nm, p = 0.002, d = 1.58) and RR formulations (− 74.61 ± 29.94 Nm, p = 0.024, d = 1.19) compared to PLA (− 110.05 ± 29.58). No significant differences were noted in ∆PT between participants consuming the SR and RR formulations (p = 0.452, d = 0.34); however, this represented a smallmedium effect size.
Discussion
Initial studies reporting significant increases in skeletal muscle carnosine from β-alanine supplementation used an RR formulation (Harris et al. 2006; Hill et al. 2007 ). Symptoms of paresthesia were a common side effect associated with β-alanine ingestion, with greater symptoms associated with larger daily doses (Decombaz et al. 2012; Harris et al. 2006; McCormack et al. 2013 ). More recently, an SR form of β-alanine has become available, which delays the release of β-alanine and prevents or attenuates symptoms of paresthesia (Decombaz et al. 2012; del Favero et al. 2012; Hoffman et al. 2014 Hoffman et al. , 2015a . The present investigation is an initial foray into exploring whether differences in β-alanine formulation differ with regard to their effectiveness in increasing skeletal muscle carnosine and subsequent performance improvement. The main findings of this study indicate that daily ingestion of 6 g SR formulation of β-alanine for a period of 28 days significantly increased skeletal muscle carnosine content and attenuated the decline in PT after a unilateral, lower body, muscle-fatiguing protocol. Participants consuming the RR formulation experienced no statistically significant increases in muscle carnosine content, but had significantly attenuated changes in PT. Although changes in muscle carnosine and performance results were not significantly different between the different β-alanine formulations, participants consuming the RR formulation reported significantly more side effects (e.g., symptoms of paresthesia) associated with consuming the supplement compared to participants consuming the SR formulation or PLA.
Elevations in muscle carnosine observed in this investigation were consistent with previous investigations (Harris et al. 2006; del Favero et al. 2012; Derave et al. 2007; Hill et al. 2007; Hoffman et al. 2015a) . Participants supplementing with the SR formulation experienced an increase in unadjusted muscle carnosine content of 50.1% (3.87 mmol kg −1 ww), while those participants supplementing with the RR formulation increased muscle carnosine content by 37.9% (2.62 mmol kg −1 ww), with no significant difference observed between the groups. Previous studies using dosing strategies ranging from 4.0-6.4 g day −1 for 4-10 weeks have reported increases in muscle carnosine (within the vastus lateralis) ranging from 6.55-17.0 mmol kg −1 dw (Hoffman et al. 2018 ), equivalent to a 1.52-3.95 mmol kg −1 ww increase. Interestingly, only participants consuming the SR formulation had elevations in muscle carnosine content that were significantly different than those supplementing with the PLA, while no significant differences were noted between those supplementing with the RR formulation and those participants Results are reported as mean ± SD. PRE before 28 days of supplementation, POST after 28 days of supplementation, SR sustainedrelease formulation of β-alanine, RR rapid-release formulation of β-alanine, PLA placebo supplementing with the PLA. However, a large effect size was observed for changes in carnosine content in participants consuming the RR formulation compared to PLA, suggesting that carnosine content was elevated with the RR formulation. Additionally, despite no significant differences in muscle carnosine at POST were noted between participants consuming the SR and RR formulations, a 16.4% difference in the change in muscle carnosine between the groups does provide an interesting outcome. The estimated retention of β-alanine was calculated at 6.8 ± 8.2 and 5.5 ± 6.1% for participants consuming SR and RR formulations, respectively. Although these differences were not significant (p = 0.617), it is important to keep in mind that this study was not statistically powered to examine differences in retention time between the two formulations.
Previous research comparing the effects of the SR and RR formulations (3.2 g day −1 for 46 days) reported similar increases in carnosine content with both formulations (Stegen et al. 2013 ). However, that study utilized a tablet form for the SR delivery, while the RR formulation was powder provided in a gel capsule. Whether the delivery system had any influence is not well understood. However, the current study appears to support the work of Stegen at al. (2013) . Although no significant differences were noted in the change in carnosine content in participants ingesting the SR and RR β-alanine formulations at POST, a small-medium effect size was observed for carnosine elevations between groups. Additionally, the significant increase in muscle carnosine in the SR group from PRE compared to the lack of any significant increase seen in the RR group suggests that the pharmacokinetics of β-alanine release from the SR formulation may be more effective for increasing muscle carnosine content. The RR formulation results in a shorter plasma β-alanine half-life but larger peak, while the area under the plasma concentration curve is the same as with the SR formulation (Decombaz et al. 2012) . SR formulations may increase the time over which plasma β-alanine is elevated (Decombaz et al. 2012) , possibly enhancing the potential for β-alanine to be transported into the muscle to form carnosine. With the RR formulation, a sharp increase in plasma free β-alanine may result in an increase in the binding of β-alanine to MrgD receptors, preventing β-alanine transport into the muscle and resulting in increased feelings of paresthesia (Bader et al. 2014; Crozier et al. 2007 ). The pharmokinetic difference between the RR and SR formulations may explain part of the mechanism behind the 16.4% difference noted between the two β-alanine groups in the response of carnosine synthesis.
The inability to achieve any statistically significant differences in carnosine elevations between participants consuming SR and RR formulations may also be a function of supplementation duration. While the absolute difference in the increase in muscle carnosine was small at 28 days, forward projection of the change using the model of Spelnikov and Harris (2018) , indicates a much greater difference appearing with longer duration of supplementation (see Fig. 6 ). Forward projection of the change has been calculated from the formula:
where k f is the zero-order rate constant for carnosine formation. k d is the first-order rate constant for carnosine decay as d −1. .t is the amount of days of β-alanine supplementation. From Spelnikov and Harris (2018) , k d is assumed to be 0.0133, which corresponds to a post-supplementation halflife of 52 days. k f has been calculated from Spelnikov and Harris (2018): Considering the change in carnosine at 28 days was 3.87 and 2.62 mmol.kg −1 ww for participants consuming SR and RR, respectively, the estimated k f for SR and RR was calculated to be 0.16554 and 0.11207, respectively. Figure 6 indicates that within 100 days of supplementation, the increase in muscle carnosine could be as high as 9.15 mmol kg −1 ww for SR compared to 6.20 mmol kg −1 ww for RR. We acknowledge that this is quite speculative, especially in consideration that this is the first application of the Spelnikov and Harris model, uncertain whether the model would hold true for 100 days, and uncertain regarding the estimate of k d .
A recent investigation reported that 23 days of β-alanine supplementation (6 g day −1 ) in its RR formulation may result in a significant decrease in muscle histidine content (Blancquaert et al. 2017) . However, other investigations using the SR formulation reported no change in muscle histidine content (Church et al. 2017; Varanoske et al. 2017a) . The results of the present investigation support the latter Forward projection of changes in intramuscular carnosine concentrations using a rapid-release formulation (RR) compared to a sustained-release formulation (SR) over different durations of β-alanine supplementation based off of the kinetics presented by Spelnikov and Harris (2018) studies indicating that β-alanine supplementation does not reduce muscle histidine content, regardless of formulation. In the present study, greater levels of skeletal muscle histidine (0.34 ± 0.17 mmol kg −1 ww) were noted at baseline compared to those of Blancquaert et al. (2017) (0.20 ± 0.06 mmol kg −1 ww) and were similar to those previously reported in individuals with high muscle carnosine content (Varanoske et al. 2017a) . Although speculative, it is possible that higher baseline levels of histidine, perhaps from dietary means, may provide for a sufficient reserve to prevent any significant declines when supplementing with β-alanine.
∆PT was significantly attenuated in participants consuming both the SR and RR formulations compared to PLA. Although no significant differences in ∆PT were noted between the SR and RR formulations, an interesting finding was that the effect size seen in ∆PT at POST between SR and RR was similar to the effect size determined for the differences in carnosine content at POST. This finding provides further support that increases in carnosine content may directly improve high-intensity exercise performance. Performance improvements observed in this investigation were consistent with other studies demonstrating the efficacy of β-alanine supplementation on attenuating fatigue during repeated maximal isokinetic contractions of the knee extensors (Derave et al. 2007; Varanoske et al. 2017a, b) . However, the effect of β-alanine supplementation on isometric muscle performance is less clear. Derave et al. (2007) reported no differences in time to exhaustion during isometric endurance at 45% of maximal voluntary contraction of the knee extensors after β-alanine supplementation (4.8 g day −1 for 4 weeks), whereas Sale et al. (2012) reported significant increases in time to exhaustion utilizing a similar exercise testing protocol after β-alanine supplementation (6.4 g day −1 for 4 weeks). Sale et al. (2012) hypothesized that the discrepancy between the findings may be a result of the actual intensity of the exercise in the Derave et al. (2007) study, as it may have corresponded to a lower percentage of maximal voluntary contraction than intended. Ahlborg et al. (1972) predicted the time to exhaustion at 45% of maximal voluntary contraction to be about 80 s, whereas the hold-time of participants in Derave et al. (2007) study lasted longer than 175 s. Exercise of longer duration utilizes the oxidative system for metabolic energy production to a greater extent than shorter-duration exercise, leading to lower H + accumulation. Furthermore, our results contradict with those of Kendrick et al. (2008) who reported no improvement in quadriceps isokinetic force after β-alanine supplementation (6.4 g day −1 for 10 weeks), and Hannah et al. (2015) and Jones et al. (2017) , who reported no change in quadriceps maximal voluntary isometric force production or the force-frequency relationship after β-alanine supplementation (6.4 g day −1 for 28 days). The differences in findings may be related to the exercises utilized, as the isometric protocols by Kendrick et al. (2008) , Derave et al. (2007) , Hannah et al. (2015) and Jones et al. (2017) may not have elicited the extent of fatigue to maximize the benefits achieved from a greater buffering capacity. Carnosine is known to enhance intracellular buffering of H + (Abe 2000) , improving performance particularly during high-intensity anaerobic exercise, and β-alanine supplementation does not appear to have an effect on maximal strength production Kendrick et al. 2008) . Isometric exercise protocols consisting of only maximal contractions likely result in minimal changes in H + production. One potential limitation of this investigation is that the validity of this double-blind experiment may have been compromised if participants knew which group they were in. Considering that all the participants in the RR group reported symptoms of paresthesia on at least half of the days that they supplemented, participants may not have been truly blinded to which group they were in, potentially influencing performance outcomes. Additionally, participants were not familiarized with the muscle-damaging protocol prior to testing, which may have affected the results. Furthermore, the unequal amount of subjects in each group and variability in the data, and small sample size may indicate that the study was underpowered to produce sufficient results.
In conclusion, this investigation demonstrated that supplementation of 6 g day −1 of an SR formulation of β-alanine for a period of 28 days significantly increased skeletal muscle carnosine content and maximal isometric exercise performance after a muscle-fatiguing protocol. Although these results were not statistically different from individuals consuming an RR formulation of β-alanine, the 16.4% greater increase in muscle carnosine between participants consuming the SR and RR formulations may have practical significance for elite athletic populations in which small changes may have important performance effects. Future research needs to compare these different formulations on a competitive athletic population to further explore this potential advantage. Regardless, participants consuming the SR formulation experienced significantly less paresthesia compared to those consuming the RR form, making the SR form more practical and attractive for future use.
